A low cost adsorbent has been tested for its adsorption ability to remove a hazardous dye from textile wastewater. The present paper assesses the results pertaining to the investigation conducted on removal of a di azo sulphonated dye, Direct Red 81 by adsorption onto a natural adsorbent, Argemone mexicana. Adsorption studies were carried out in both batch and column mode to examine the influence of various parameters on the removal efficiency of the uncharted natural adsorbent. A fixed-bed column has been designed and necessary parameters have been calculated by applying mass transfer kinetic approach. The data obtained have been successfully used to equate different adsorption isotherm models. Isothermal data were found to fit well with Langmuir adsorption model. The estimated mean adsorption energy from the DeR isotherm model has been obtained as 1.34 Â 10 4 J mol À1 further conferring to the chemical process of the adsorption. The adsorption interaction of direct dye on to A. mexicana obeyed pseudo second-order rate equation. Intraparticle diffusion studies revealed the dye adsorption interaction was complex and intraparticle diffusion was not only the rate limiting step. Column operations depicted good adsorption leading with 98% saturation of dye.
Introduction
Tremendous amounts of different synthetic dyes are being formulated globally which are remarkably consumed by color industry [1, 2] . Amongst different kinds of dyes, azo dyes accounts for nearly half of the total dyes consumed in the textile industries [3e5] . During the dyeing process, about 10e15% of unfixed dye is lost in water which comes out as a colored effluent from the industries [6] . Hence it is essential to completely remove these toxic dyes from wastewater effluents [7] . Several researchers have embraced the adsorption approach to treat the textile wastewater by means of natural and synthetic adsorbents. Present study aimed at economic removal of Direct Red 81 using a low cost natural adsorbent by adopting adsorption technique. Direct Red 81, a toxic sulphonated azo-based dye, known for its carcinogenic nature and toxicity towards animals and humans is selected as a synthetic model dye solution for experimentation which is widely used in many industries [8e10] . Ingestion of significant amount of this dye results in gastro-intestinal discomfort producing nausea and vomiting. It also has harmful effect on skin and eyes. Presence of double azo linkage along with sulphonic acid group, makes the dye easily soluble in water [11, 12] . Earlier researches have been carried out with modified Silk Maze [13] , native and citric acid modified bamboo sawdust [14] , Chamomilla plant [15] and Sonchus fruit plant [16] for removal of Direct Red 81 using these modified agricultural wastes. Argemone mexicana seeds utilized in this work belongs to the family of Papaveraceae which is widely available all over the globe. It is commonly known as Mexican prickly poppy. In India it is known as 'Satyanashi' meaning devastating and is phytotoxic to many other crop species [17, 18] . The present investigation is aimed at studying the kinetics and adsorption isotherms of the adsorption of Direct Red 81 with an objective to explore optimum conditions for the removal of the dye by adsorption technique using A. mexicana as a novel low cost adsorbent. Since very few research have been carried out with unmodified natural material to treat Direct Red 81, present study will unveil the pristine low cost natural adsorbent in the field of textile wastewater treatment.
Experiments

Materials and methods
Direct Red 81, a sulphonated azo dye, disodium; (3E)-7-benzamido-4-oxo-3-[ [4-[(4-sulfonatophenyl) Fig. 1 . Maximum absorption wavelength of the dye is 508 nm. Dye stock solution of concentration 10 À3 M was prepared in distilled water. All solutions were prepared by diluting the stock solution with distilled water.
Material development
For experimentation, the natural adsorbent opted for this study was collected from Lavale road, near the Symbiosis International University Campus Pune, were it was available in plenty. The seed capsules were separated from the thorny plant carefully and dried in sunlight for about 48 h. Seeds were separated from the capsules and were further dried in a Labline Hot air oven for 4 h at 110 C. Moisture free seeds were then cleaned and finally grounded in a grinder to get a fine powder. Subsequently the fine powder was sieved by using a sieve set and then was collected in the range of 600e425, 425e300 and 300e125 mm particle size respectively. The particle size of the adsorbent was determined by sieve analysis using Standard test sieves as per IS-460 (Indian standards). Fourier transform infrared spectroscopy (FTIR) analysis was also carried out in order to find out the morphology and characterization.
Batch adsorption studies
To access the propensity of adsorption process, batch studies were carried out by varying different physiochemical conditions. Batch adsorption studies were conducted by taking 25 mL of dye solution in 100 mL of volumetric flask at 30, 40 and 50 C using suitable sieve size and definite amount of adsorbent. The test solution was intermittently shaken with a speed of 100 rpm in an orbital shaker BTI-05 for 1 h and then was kept for 24 h for saturation. Thereafter the supernatant liquid was filtered through Whatman filter paper no. 41 (pore size 20 mm) and final equilibrium concentrations of the dye in solution were measured spectrophotometrically at a wavelength of 508 nm, using a Systronic double beam spectrophotometer model no. 2203. Amount of dye adsorbed is calculated as per Eq. (1) below.
The experiment was performed by varying several parameters like pH, dye concentration, contact time, amount of adsorbent, particle size, and temperature.
pH
pH is one of the pivotal factors influencing not only the surface charge (ionization/dissociation) of the adsorbent, but also the solution dye chemistry. The effects of initial pH on Direct Red 81 solution using A. mexicana seeds were evaluated within a range between 1 and 10. The pH of the test solutions were adjusted by using HCl and NaOH with an Equiptronics digital pH meter EQ-610.
Amount of adsorbent
In order to study the variation in adsorption of Direct Red 81 on the basis of amount of adsorbents, various amounts ranging from 0.02 to 0.12 g of the adsorbent was taken in 100 mL volumetric flask and experiments were performed at three different temperatures 30, 40 and 50 C, keeping other parameters constant.
Particle size
Another influential factor during adsorption is size of the particle. In order to study the effect of particle sizes, batch adsorption experiments were conducted at three sieve sizes, i.e., 600, 425 and 300 mm.
Concentration
The effect of concentration on adsorption of Direct Red 81 by A. mexicana seeds was investigated keeping other experimental parameters (pH, particle size and adsorbent dosage) constant. After undergoing meticulous experimental procedures, a desired concentration range of 1 Â 10 À5 to 10 Â 10 À5 M was selected and fixed amount of adsorbent (0.1 g) was added to these solutions.
Contact time
Contact time study aided in acquiring the optimum time duration for adsorption during the experiment. Fixed amount of adsorbent was taken in single concentration solution for duration of about 360 min and shaken at a speed of 100 rpm at three different temperatures i.e., 30, 40 and 50 C. The supernatant solution was observed after every 30 min.
Adsorption isotherms
For optimization of adsorption process, the results obtained from the adsorption of Direct Red 81 dye onto A. mexicana seeds were analyzed by well-known isotherm models of Langmuir, Freundlich, DubinineKaganereRadushkevich (DeR) and Temkin. In the present paper adsorption isotherm models were extended to describe experimental isotherm data and identify the mechanism of the adsorption process.
Langmuir isotherm
According to the Langmuir adsorption isothermal model, maximum adsorption corresponds to the formation of a saturated monolayer of dye molecules on adsorbent surface which stipulates the chemisorption of the process and aids in assessing the adsorption capacity of the adsorbent [19] . Langmuir model, may be expressed as Eq. (2) 1
The key feature of Langmuir adsorption isotherm can be exhibited in terms of a dimensionless constant separation parameter (R L ), expressed by the following Eq. (3) [20] . 
On equating the above relation, the R L values were investigated for the above dye-adsorbent system [21] .
Freundlich isotherm
At equilibrium conditions, Freundlich adsorption [22] isotherm model can be predicted by given Eq. (4).
Generally, Freundlich model was used to describe non-specific adsorption that involves heterogeneous surfaces.
Temkin isotherm
Temkin isotherm (Eq. (5)) based on the assumption that the heat of adsorption of all the molecules in the layer increases linearly with coverage due to adsorbate specieseadsorbent interactions, and adsorption is characterized by a uniform distribution of binding energies, up to some maximum binding energy [23] .
DeR isotherm
The DeR model [24] estimates the characteristic porosity of the adsorbent and the apparent energy of adsorption. The linear form of the model can be given as Eq. (6) ln
where X m is provided by the intercept, b is obtained from slope of the straight line plot of ln C ads vs 3 2 and 3 can be evaluated by the following Eq. (7)
The apparent energy of adsorption was related to the activity coefficient generally termed as mean adsorption energy, which was equated using Eq. (8) .
Column studies
In column experiment a glass column (1 cm internal diameter and 30 cm length) was filled with suitable amount of A. mexicana seeds on glass wool support. Adsorbent was fed into the column in the form of slurry to avoid air entrapment. Direct Red 81 dye solution of known concentration at 30 C and pH 7 was percolated through the column at a fixed flow rate. To obtain the breakthrough curve, the effluent was collected and analyzed. Column studies were terminated when the column reached exhaustion. After complete adsorption, desorption studies were carried out using 1 N NaOH solution as an eluent.
Kinetic studies
To determine the kinetics i.e., the influence of concentration and temperature on rate of reaction and to evaluate the time requirement for attainment of equilibrium during the adsorption process investigations were carried out in air tight 100 mL volumetric flask with 25 mL of dye solution of known concentration. A definite pH of 7.0 was maintained and 0.1 g of powdered A. mexicana seeds were brought in contact with the adsorbate at different temperatures 30, 40 and 50 C, with periodic shaking. The solutions were then filtered at fixed time intervals using Whatman filter paper no. 41 and evaluated spectrophotometrically for the dye uptake.
Results and discussion
Adsorbent characterization
FTIR spectroscopy of the sieved adsorbent was done using JASCO FT/IR 6100, Department of Physics, Pune University, India. Fig. 2 shows the FTIR spectrum of the A. mexicana investigated in this study. Evidence of intense peak in the range of 700e1300 cm
À1
indicates the presence of CeC stretching bonds. A number of peaks are found in the range of 1200e1500 cm À1 indicating methylene and hydroxyl bonds in the adsorbent. A peak at 3272 cm À1 confirms the presence of hydroxyl group. Further the occurrence of carboxylic group is noticed by a peak in the range of 1700e1800 cm
. Aliphatic CeH stretching absorption bands are also evident in the range of 2750e3000 cm
. The presence of saturated and unsaturated carbon derivatives is indicated by a broad absorption peak between 600 and 700 cm À1 .
Batch adsorption studies 3.2.1. Effect of pH
From the set of experiments conducted, it was found, that pH influences the surface -dye binding sites and the dye chemistry in water. Results showed that maximum adsorption took place at pH 2 which decreased with the increase in pH. At low pH, the adsorbent surface is surrounded by the hydronium ions (H þ ) facilitating high electrostatic attraction between the positively charged adsorbent surface and the dye molecules. While at higher pH a negatively charged adsorbent surface retards the adsorption of dye molecules thereby resulting in decreased adsorption [25] . Maximum adsorption for Direct Red 81 was observed at low pH, but due to the fact that almost all water bodies have pH in range of 6e8 and this system will be useful in natural conditions [26] , for the further studies pH 7 was chosen, giving an idea of adsorption capacity in neutral conditions. 
Effect of amount of adsorbent
With increase in amount of adsorbent, adsorption was found to increase, i.e., from 3.4, 5.4, 8.4 to 7.9, 8.2 and 8.9 Â 10 À6 mol g À1 at 30, 40 and 50 C respectively. It was observed that the Direct Red 81 removal increased initially and then became almost constant. This increase in the adsorption with the adsorbent dosage was attributed to greater surface area and the availability of more binding sites for dye molecules [14] . It was evident that the dye removal efficiency increased rapidly with increasing dosage of adsorbent until it reached the value of 0.1 g. On the other hand, further increase in the adsorbent dosage up to 0.12 g did not show significant change in adsorption. This was due to the binding of almost all dye ions to surface of adsorbent and the maintenance of equilibrium between the dye molecules on the adsorbent and those present in the solution [27] . Hence 0.1 g of adsorbent was selected as optimized dose for further studies.
Effect of particle size
Results showed that with decrease in particle size the amount adsorbed increased. On an average the amount of dye adsorbed increased from 0.75 to 0.85 mol g À1 for the studied system for sieve sizes, i.e., 600, 425 and 300 mm. The reason behind the increased adsorption was due the increase in surface area of the adsorbent with decrease in particle size [28] . The above result is further supported by the rate constant and half-life values obtained in each case. Impact of temperature along with change in particle size was also investigated. The study was carried out at three different temperatures which again showed that with increase in temperature, rate of reaction also increases i.e., from 0.05, 0.06, 0.06 to 0.07, 0.07 and 0.09 g mg À1 min À1 with decrease in particle size at 30, 40 and 50 C respectively. The increase in adsorption was due to an increased surface activity and increased kinetic energy of the dye molecule [29] .
Effect of concentration
With an increase in concentration of the dye, adsorption increased at all temperatures. Experimental data unveiled the direct relation between temperature and adsorption in the present case. Higher temperature provides greater mobility to the ionized dye molecules, thereby leading to an increased adsorption. Moreover, with increasing the concentration, adsorption increased suggesting a better adsorption at higher concentrations. Results indicated increase in adsorption efficiency i.e. from 0.025, 0.13, 0.18 to 1.3, 1.8, 2.2 Â 10 À5 mol g À1 with increase in concentration from 1 Â 10 À5 M to 10 Â 10 À5 M at 30, 40 and 50 C respectively which was due to an increase in the number of active sites on the adsorbents [30] . However, with further increasing the concentration of dye solution, saturation of the adsorbent sites occurred, which did not allow further adsorption of dye molecules at all the temperature ranges under investigation.
Effect of contact time
It was found that with increase in temperature and time adsorption increases. It was found that amount of dye adsorbed increased in the time of 0.025e0.85 Â 10 À5 mol g À1 from 30 to 50 C respectively on varying the contact time from 30 to 270 min. Initially due to numerous active sites present over the adsorbent surface, adsorption rapidly increased which after some time reached at equilibrium due to unavailability of fresh site for adsorbate and adsorbent bonding [31] .
Adsorption isotherms 3.3.1. Langmuir isotherm
A linear plot was obtained from the Langmuir adsorption graph between 1/q e and 1/C e , at three different temperatures (Fig. 3) . The linearity of the plot suggested the applicability of the isotherm model with experimental data showing the formation of a monolayer of dye molecule at the adsorbent surface [32] .
Q o and b were computed from the slope and intercept of the Langmuir plots, respectively at 30, 40 and 50 C (Table 1 ). In the present research work, R L values have been found to be 0.67, 0.66 and 0.55 at 30, 40 and 50 C respectively. As evident, magnitude of the R L values lied in between 0 and 1, indicating adsorption to be favorable for the adsorbate-adsorbent system. The maximum equilibrium adsorption capacity (Q o ) values were determined as 2.4 3.3 and 6.9 mol g À1 at 30, 40 and 50 C. As seen Langmuir isotherm fits the experimental data which may be attributed to the homogenous distribution of active sites on the A. mexicana seeds. Fig. 4 represents the plot for Freundlich isotherm for the adsorbateeadsorbent system.
Freundlich isotherm
Values of n and K f were obtained from intercept and slope of the plot log C e vs log q e. The value of n, obtained lied in the range of 1e10, indicating favorable adsorption. Value of K f is 0.02, 0.03 and 0.3 at 30, 40 and 50 C respectively. The values obtained from Freundlich model showed an increase in of adsorption capacity with increase in temperature with an average adsorption capacity of 0.13 mol g À1 showing favorable adsorption.
Temkin isotherm
The slopes and intercepts obtained from the graphical plot (Fig. 5 ) were used to calculate the Temkin constants ( Table 1 ). The mean values of energy constant (A T ) was found to be 8.5 Â 10 4 M
À1
. Examination of the data shows that the Temkin isotherm fits well to the adsorption data for A. mexicana seeds. Correlation coefficients R 2 obtained from Temkin model were comparable to that obtained for Langmuir equation which was a better fit than Freundlich isotherm, explaining the applicability of Temkin model to the adsorption of Direct Red 81 onto A. mexicana seeds.
DeR isotherm
DeR model constants b and X m were calculated from the slopes and intercept from Fig. 6 respectively. X m , maximum sorption capacity was determined to be 8.6 mmol g 
Calculation of thermodynamic parameters
In order to describe the thermodynamic behavior several thermodynamic parameters were calculated including DG⁰, DH⁰ and DS⁰ from the following Eqs. (9)e(11) [33] .
where T is the absolute temperature (K), b, b 1 and b 2 were obtained from slopes and intercepts of Langmuir isotherms.
The negative values of DG⁰ (À 26 kJ mol À1 ) suggested that the adsorption is spontaneous and feasible at all the studied temperatures. Moreover, adsorption process is expected to be exothermic in general but the positive value of DH⁰ (20 kJ mol
indicates the adsorption reaction endothermic. This uncommon behavior of anionic dyes has been noted by several researchers [34] . The positive value of DS⁰ (147 J mol
shows that adsorption of Direct Red 81 originates a new order in the surrounding water molecules, conditioning by the affinity of A. mexicana seeds for the dye during adsorption [35] . It also suggests decrement in the number of water molecules surrounding the dye molecules and points out towards the increased randomness at adsorbate and adsorbent interface during the adsorption process.
Column studies 3.4.1. Column adsorption
In this study, a solution of concentration 10 Â 10 À5 M of the dye was percolated through the column at a constant flow rate. When the effluent concentration exceeded 99% of the initial level, the column operation was suspended and desorption study was made by rinsing the respective columns with NaOH solution at the same flow rate as that of adsorption process. Fig. 7 represents a typical breakthrough curve between concentration and eluted volume attained during column operation of dye-adsorbent system as well as the desorption curve for the studied system. It was found that about 4 mg of the dye adsorption took place from the dye present in the solution. Parameters such as d, t x , t d , t f , f, F m , M s and percent saturation of column at break point were calculated by using following Eqs. (12)e (16) . 
Length of column, D was 2 cm for the system. The breakthrough curve was used to find out the values of V b , V x , C b and C x , which were then applied to calculate values of t x , t f , t d , f and d for the studied system. F m was found to be 0.03 mg cm À2 min À1 for the selected adsorbent.
Desorption study
The recovery of Direct Red 81 dye was achieved by eluting the dye using NaOH through the exhausted fixed-bed. Fig. 7 describes the trend of collected volume of the eluent versus concentration of recovered amount of dye. It is evident from the graph that maximum attrition of the column took place with first 10 mL of NaOH and rest of the Direct Red 81 was desorbed by eluting ten increments of 10 mL each. Total percentage recovery of the dye was about 80%.
Rate constant study
The kinetic adsorption data were processed to understand the dynamics of the adsorption reaction in terms of the order of the rate constant. Pseudo first order and second order rate equations were applied to Direct Red 81-A. mexicana seeds system. Equations (17) and (18) given below summarize the Lagergren's pseudo first order and second order equation respectively.
Àk ads t (17)
In the above equations q e and q t denotes the amount adsorbed at equilibrium and at any time t in g, respectively. k ads and k 2 are the equilibrium rate constants for pseudo first and second order kinetic models respectively. Nonlinear curves were plotted between q t and time for both the models and compared with the obtained experimental values. Nonlinear regression method was used to calculate the kinetic parameters using solver add-in function which dictated the closeness of experimental data with pseudo second order kinetic model. Also the obtained R 2 values were close to unity was indicative of the fact that the ongoing reaction proceeded via pseudo second order mechanism rather than pseudo first order mechanism.
Rate expression and treatment of data
For absolute interpretation of the kinetic data, it is imperative to identify the adsorption process steps, which govern the overall removal adsorption rate. The intuitive mathematical treatment by Boyd et al. [36] was employed to differentiate between particle diffusion and film diffusion. When external transport is greater than internal transport, i.e., adsorbate molecules attach es to surface only, film diffusion takes place, while particle diffusion takes place when adsorbate goes inside the pores of adsorbent making internal transport higher than external transport. The fractional attainment F of equilibrium at time t was calculated by Eq. (19) .
Here the Q t and Q ∞ are amount adsorbed after time t and after infinite time, respectively.
B t values were obtained from Reichenberg's table using values of F, which was further used to plot graph between B t values and time (plot not shown), which helped to distinguish between film diffusion and particle diffusion. It was seen that linearity was maintained at lower temperatures rather than in higher ones suggesting involvement of film diffusion and particle diffusion mechanisms as the rate-controlling step at lower and higher temperatures respectively. Also it may be concluded that surface adsorption and intra-particle diffusion were synchronously operating during the Direct Red 81-adsorbent interactions.
It was observed from the graph that the straight line did not pass through the origin which further indicated that intraparticle diffusion was not solely the controlling rate step but rather was a complex process involving both boundary layer and intraparticle diffusion. At temperatures 30, 40 and 50 C, the values of D i for Direct Red 81 in the adsorbent phase were calculated using Eqs. (20) and (21) 
The 1/T versus log D i plot (not shown) was found linear with positive slope thereby indicating a decrease in the mobility of ions and an increase in the retarding forces acting on the diffusing ions with the temperature. The negative value of DS s obtained for the adsorption reflected no significant change occurring in the internal structure of elected adsorbent during the adsorption process as reported in literature [37] .
Conclusions
A. mexicana seeds were successfully employed for the removal of a di azo sulphonated textile dye. Results showed that the adsorption of Direct Red 81 dye increased with increasing adsorbent dosage, and decreasing the particle size. It was also noticed that adsorption capacity was strongly dependent on the temperature. A. mexicana seeds showed good removal at acidic pH. In neutral conditions, the minimum equilibration time of the dye was obtained after 4.5 h of contact between dye and adsorbent. Study of correlation coefficients of various adsorption isotherm models showed the satisfactory applicability to the adsorption process. The adsorption of Direct Red 81 onto A. mexicana was found to be a physio-chemical process. The study showed that the adsorption kinetics followed the pseudo-second order rate. Thermodynamic investigation revealed that the adsorption was spontaneous and feasible at all the studied temperatures. Also the system was endothermic in nature without any significant change in internal structure of adsorbent. Breakthrough studies indicated the quantitative recovery of the dye using NaOH. The employed adsorbent was found to be efficient for dye removal and proved to be a promising solution towards dye wastewater treatment. 
